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Localized high-concentration electrolytes (LHCE) have shown good compatibility with high-voltage
lithium (Li)-metal batteries, but their practicality is yet to be proved in terms of cost and safety. Here
we develop a hybrid-LHCE with favorable integrated properties by combining the merits of two represen-
tative diluents, fluorobenzene (FB) and 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (TFE). Specifically,
the extremely cheap and lightweight FB significantly reduces the cost and density of electrolyte, while the
fire-retardant TFE circumvents the flammable nature of FB and thus greatly improves the safety of elec-
trolyte. Moreover, the FB-TFE mixture enhances the thermodynamic stability of hybrid-LHCE and renders
a controllable defluorination of FB, contributing to the formation of a thin and durable inorganic-rich
solid electrolyte interphase (SEI) with rapid ion-transport kinetics. Benefiting from the designed hybrid-
LHCE, a Li|[NCM523 battery demonstrates excellent cycling performance (215 cycles, 91% capacity reten-

lIon-transport kinetics

tion) under challenging conditions of thin Li-anode (30 pm) and high cathode loading (3.5 mAh/cm?).

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Commercialized lithium (Li)-ion batteries are approaching their
ceiling of energy density (300 Wh/kg at cell-level) [1]. To further
increase the energy density, high-voltage Li-metal batteries (LMBs)
with practical cell-level energy density of 350~500 Wh/kg have
been pursued as the next-generation power source [2-4]. However,
the practical application of high-voltage LMBs is impeded by poor
cycling life and safety hazard, which originates from the high re-
activities of Li-metal with electrolytes [5-7]. The resulting inho-
mogeneous and fragile solid-electrolyte interphase (SEI) formed on
Li-metal anode causes dendritic Li growth and dead Li formation,
consuming both Li-metal and electrolyte rapidly [8-12]. Therefore,
developing Li-metal anode compatible electrolytes is a prerequisite
for the commercial implementation of high-voltage LMBs.

Several promising liquid electrolytes (fluorinated electrolytes
[13-15], weakly solvating electrolytes [16-18], dual-salt elec-
trolytes [7,19,20], additives-modified electrolytes [21-23], liquified
gas electrolytes [24], high concentration electrolytes (HCE) [25-
28], localized high concentration electrolytes (LHCE) [29,30], etc.
[31,32]) have been designed to tune the SEI chemistry to min-
imize the uncontrollable side reactions between Li-metal anode
and electrolyte. Among them, HCE and LHCE have shown supe-
rior compatibility with high-voltage LMBs due to the formation
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of anion-derived inorganic-rich electrolyte/electrode interphases,
which offer both excellent stability and rapid ion-transport ki-
netics [33]. In comparison to HCE, LHCE shows better physi-
cal properties (such as low viscosity, good wettability and low
cost) owning to the introduction of an inert diluent (also called
non-solvating cosolvent). Despite its inertness, the choice of dilu-
ent for LHCE is crucial. Ideally, diluent should possess several
features, such as low viscosity, sufficient electrochemical stabil-
ity, appropriate miscibility, and poor solvating capability [34].
Hydrofluoroethers (HFEs), including bis(2,2,2-trifluoroethyl) ether
(BTFE) [29], 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
(TTE) [30], 1,1,2,2-tetrafluoroethyl-2,2,2-trifluoroethyl ether (TFE)
[35], and hexafluoroisopropyl-methyl ether (HFME) [36], possess
the above features and are widely used as diluents [37]. However,
the high cost and high density (>1.4 g/cm3) of the highly fluori-
nated HFEs increases the cost and compromises the energy density
of LMBs.

In this regard, fluorinated aromatics with low degree of fluo-
rination, such as fluorobenzene (FB) [38,39], 1,2-difluorobenzene
(1,2-dFB) [40], trifluoromethoxybenzene (TFMB) [41], and trifluo-
romethylbenzene (BZTF) [42], have been adopted as diluents for
LHCE because of its low cost and low density. Generally, fluori-
nated aromatics are F-donating diluents and the trend to deflu-
orination varies greatly, while HFEs are much inert and do not
participate in the formation of SEI. However, the electrochemical
or thermodynamic stability of some fluorinated aromatics need to
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Fig. 1. (a) Summary of density and flammability of common diluents. (b) Flamma-
bility of different HFE-FB combinations. (c) Density of the three LHCE. (d) Ignition
test of FB-LHCE and hybrid-LHCE. (e) Wettability of different LHCE to separator. (f)
Images of different LHCE and the immersed Li foils after 6 days storage at 50 °C.

be improved. For example, FB-LHCE is insufficient to support high-
operating voltage and 1,2-dFB exhibits relative high reactivity with
Li-metal [41,43]. Moreover, these fluorinated aromatics are highly
flammable. Thus, it is challenging yet highly desirable to design a
LHCE with favorable integrated properties (low cost, low density,
nonflammability, high electrochemical stability, etc.).

Herein, we present a hybrid-LHCE employing FB-TFE mixture
(1:1, v/v) as diluent, which demonstrates balanced properties (such
as nonflammability, low-cost and moderate density). Specifically,
the extremely cheap and lightweight FB can significantly reduce
the cost and density of hybrid-LHCE, while the fire retardant TFE
circumvents the flammable nature of FB and thus greatly im-
proves the safety of hybrid-LHCE. Moreover, the FB-TFE mixture
enhances the thermodynamic stability of hybrid-LHCE, leading to
less parasitic reactions with Li-metal in comparison to FB-LHCE.
In the presence of TFE with higher LUMO level and lower HOMO
level, the defluorination of FB proceeds in a more controllable
way. The resulting thin and durable inorganic-rich SEI effectively
suppresses the side reactions between Li-metal and electrolyte,
thus significantly improving the cycling reversibility of Li-metal an-
ode. Notably, LiiNCM523 battery cycled with hybrid-LHCE achieved
a capacity retention of 91% after 215 cycles under challenging
conditions of thin Li-anode (30 pm) and high cathode loading
(3.5 mAh/cm?). This work offers a simple and feasible design prin-
ciple for constructing LHCE with balanced performances for high-
energy LMBs.

The physiochemical properties (flammability, density, wettabil-
ity, etc.) of LHCE greatly depend on the diluent because of its large
volume ratio (>50%). Hence the choice of diluent for LHCE is crit-
ical. The flammability, density and molecular structures of com-
mon diluents are summarized in Fig. 1a and Fig. S1 (Supporting
information). FB possesses the merits of low density (1.02 g/cm?3)
and low cost compared with HFEs, but it is highly flammable.
To construct a nonflammable and lightweight LHCE, HFE-FB com-
bination (1:1 by volume) is used as hybrid diluents. Among the
designed HFE-FB combinations (HFME-FB, BTFE-FB, TFE-FB, and
TTE-FB), TFE-FB successfully circumvents the flammable nature of
FB (Fig. 1b and Table S1 in Supporting information), which is pos-
sibly associated with the highest F/C ratio of TFE among the stud-
ied HFEs. Thus, TFE-FB combination was chosen as hybrid dilu-
ents to prepare LHCE. Three LHCE were prepared, i.e., 2.0 mol/L
LiFSI/DME/FB/TFE (1/1.2/1.1/1.6 by mol, denoted as hybrid-LHCE),
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Fig. 2. (a) Energy level and visual HOMOs and LUMOs of TFE and FB. The red
and green regions represent the positive and negative parts of orbitals, respectively.
Color mapping for elements: H-white, C-grey, O-red, F-cyan. (b) Raman spectra of
FB-LHCE, TFE-LHCE and hybrid-LHCE.

2.0 mol/L LiFSI/DME/FB (1/1.2/3.2 by mol, denoted as FB-LHCE),
and 2.0 mol/L LiFSI/ DME/TFE (1/1.2/2.2 by mol, denoted as TFE-
LHCE). The hybrid-LHCE shows a medium density of 1.32 g/cm?
among the three LHCE (Fig. 1c). A reduction of 7% in electrolyte
weight per volume and an increase of 3% in energy density can be
achieved using hybrid-LHCE relative to TFE-LHCE (Fig. S2 in Sup-
porting information). As expected, hybrid-LHCE and TFE-LHCE did
not burn after ignition while FB-LHCE was easily ignited by the
flame (Fig. 1d and Fig. S3 in Supporting information). Besides, the
wettability of hybrid-LHCE to separator is better than that of FB-
LHCE (Fig. 1e). The superior wettability of hybrid-LHCE contributes
to uniform electrolyte distribution in practical application. Thermo-
dynamic stability of hybrid-LHCE was investigated by storing the
electrolyte at 50 °C for 6 days. As shown in Fig. 1f, FB-LHCE and
the immersed Li foil turned yellow and black, respectively, which
is due to the spontaneously happened parasitic reactions. In con-
trast, both hybrid-LHCE and the immersed Li foil exhibited no ap-
parent change in appearance after storage, indicating its superior
thermodynamic stability. The improved thermodynamic stability of
hybrid-LHCE against Li metal was further evidenced by the less in-
crease in cell impedance during calendar ageing (Fig. S4 in Sup-
porting information). Thus, a hybrid-LHCE with balanced proper-
ties (such as nonflammability, low-cost, and moderate density) has
been successfully developed by employing FB-TFE mixture (1:1,
v/v) as diluent.

The electrochemical stability of TFE and FB is evaluated by the
energy values of their LUMO and HOMO. FB exhibits a higher en-
ergy level of HOMO and lower energy level of LUMO than TFE
(Fig. 2a), indicating that FB is prone to decomposition at both Li-
metal anode and high-voltage cathode and participate in the for-
mation of SEI and CEl Thus, hybrid-LHCE is expected to decom-
pose in a milder way in comparison to FB-LHCE. The solvation
structure of the three LHCE were probed by Raman spectroscopy
(Fig. 2b). The three LHCE (FB-LHCE, TFE-LHCE, hybrid-LHCE) exhibit
the same vibration band at 750 and 870 cm~! assigned to coordi-
nated FSI~ and DME, respectively, suggesting that the diluents have
negligible influence on the Li*-FSI--DME solvate.

The reversibility of Li plating/stripping in FB-LHCE and hybrid-
LHCE was evaluated by measuring the Columbic efficiency (CE) of
Li|Cu half cells. As shown in Figs. 3a and b, hybrid-LHCE shows
a higher CE (99.7%) and lower overpotential than that of FB-LHCE
(99.6%), suggesting that a more uniform and durable SEI was de-
rived from hybrid-LHCE. The practicability of hybrid-LHCE was fur-
ther evaluated in Li|]NCM523 full cells under challenging conditions
of thin Li-anode (30 pm) and high loading cathode (3.5 mAh/cm?2).
As shown in Fig. 3c, LiINCM523 batteries with FB-LHCE experi-
enced a rapid decay in capacity after 110 cycles, which is attributed
to the fast depletion of Li-metal (Fig. S5 in Supporting informa-
tion). In contrast, ~170 stable cycles was achieved in the case of
TFE-LHCE, indicating that the electrochemical inert TFE is superior
to FB in constructing stable LHCE for high-voltage LMBs (Fig. S6 in
Supporting information). Notably, a significantly prolonged cycling
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Fig. 3. (a, b) CE of Li|Cu half cells using different electrolytes. (c) Cycling perfor-
mance of Li|NCM523 full cells with FB-LHCE and hybrid-LHCE at 0.33 C after seven
formation cycles. Corresponding charge/discharge curves of LiiNCM523 full cells cy-
cled in (d) FB-LHCE and (e) hybrid-LHCE.

life (215 cycles, 91% capacity retention) was achieved in hybrid-
LHCE. Besides, the increase of cell overpotentials upon cycling in
LiINCM523 batteries with hybrid-LHCE was significantly inhibited
compared to FB-LHCE (Figs. 2d and e). The above results indicate
the possible synergistic effect between FB and TFE and demon-
strate the effectiveness and practicability of hybrid-LHCE in im-
proving the lifespan of high-voltage LMBs.

Li deposition morphology was examined by scanning electron
microscopy (SEM) to provide a clue to the improved cycling perfor-
mance of hybrid-LHCE. Li-anodes for SEM characterization were re-
trieved from Li|INCM523 batteries after 10 cycles. Irregular nodule-
like Li deposits covered with porous SEI residues were observed
in FB-LHCE (Fig. 4a). Such a loose structure readily allows for side
reactions with electrolyte and is susceptible to dead Li formation
during the stripping process, as evidenced by the optical image of
the cycled Li-anode (Fig. 4 inset a). In contrast, compact Li gran-
ules with a clear surface were formed in hybrid-LHCE (Fig. 4b). Be-
sides, no obvious dead Li and SEI residues were observed on the
cycled Li-anode (Fig. 4b inset), suggesting that a more uniform and
durable SEI layer was formed in hybrid-LHCE. The much thinner
layer of dead Li reconfirms that less parasitical reactions generate
in hybrid-LHCE (Figs. 4c and d). The interfacial resistance evolution
of LiINCM523 batteries with FB-LHCE and hybrid-LHCE was inves-
tigated by electrochemical impedance spectroscopy (EIS). The val-
ues of interfacial resistances, including surface film resistance (Rsg;)
and charge transfer (R.t), were obtained by fitting the semicircles
in the high and middle frequency regions according to the equiv-
alent circuit (Fig. S7 in Supporting information). The interfacial re-
sistance of LiINCM523 batteries with FB-LHCE showed a significant
increase (408%) from the 7t to 105%™ cycles (Fig. 4e, Fig. S7 and
Table S2 in Supporting information), indicating the accumulation
of a thick layer of dead Li as well as the deteriorated Lit trans-
port kinetics in SEI. In contrast, the value increased by only 190%
in the case of hybrid-LHCE (Fig. 4f, Fig. S7 and Table S2), verifying
the formation of an efficient and durable SEI.
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Fig. 4. Li deposition morphology in (a) FB-LHCE and (b) hybrid-LHCE at the 10™ de-
position. The Li anodes were retrieved from Li|NCM523 batteries (at the 10t charge
state). Cross-sectional views of cycled Li anodes retrieved from Li|]NCM523 batteries
(at the 10t discharge state) with (c) FB-LHCE and (d) hybrid-LHCE. The evolution of
interfacial resistance of LiilNCM523 batteries with (e) FB-LHCE and (f) hybrid-LHCE.

The chemical components of SEI derived from FB-LHCE and
hybrid-LHCE were analyzed by X-ray photoelectron spectroscopy
(XPS). The strong C-H/C-C peak at 284.8 eV in the C 1s spec-
trum suggested that the SEI featured an organic-rich outer layer
(Figs. 5a and b). The high ratio of Li-C peak along with the ultra-
high atomic ratio of Li (>70%) revealed that a much thinner SEI
was formed in hybrid-LHCE compared to FB-LHCE (Figs. 5a-c). Af-
ter etching for 240 s, a weaker LiF peak and much lower F/N ratio
were observed in the hybrid-LHCE-derived SEI, indicating the de-
fluorination of FB is more controllable in hybrid-LHCE (Figs. 5a and
b, Fig. S8 in Supporting information). For O-containing species, the
hybrid-LHCE-derived SEI was mainly composed of Li,O, while in
the FB-LHCE-derived SEI, the organic COOR species accounted for
a considerable ratio (Figs. 5a and b). The chemical components of
SEI after etching are summarized in Fig. 5d. The ratio of inorganic
components in hybrid-LHCE-derived SEI is significantly higher than
that in FB-LHCE-derived SEI. These inorganics (LiF, Li,O, Li,COs3,
LisN, etc.) are beneficial to improving the ion-transport kinetics
of SEI [44-47]. The accelerated ion-transport kinetics in hybrid-
LHCE-derived SEI was further evidenced by its larger exchange
current density (0.26 mA/cm?2) than that of FB-LHCE-derived SEI
(0.08 mA/cm?) (Fig. 5e). Thus, such a thin and inorganic-rich SEI
formed in hybrid-LHCE is responsible for the improved cycling sta-
bility of LiiNCM523 batteries. On the cathode side, the defluorina-
tion of FB is also mitigated in hybrid-LHCE, as confirmed by the
much weaker LiF peak in the hybrid-LHCE derived CEI (Fig. 5f).
Therefore, the controllable defluorination of FB at both Li-anode
and NCM523 cathode contributed to the formation of a sustainable
and efficient electrode/electrolyte interphases

In summary, a hybrid-LHCE with favorable integrated properties
(such as nonflammable, low-cost, and lightweight) is developed
by combining the merits of two representative types of diluents,
hydrofluoroether and fluorinated aromatics. Concretely, the non-
flammable TFE greatly improves the safety of hybrid-LHCE, while
the cheap and lightweight FB can reduce the cost and density of
hybrid-LHCE. Moreover, the introduction of TFE enhances the ther-
modynamic stability of hybrid-LHCE, leading to less parasitic reac-
tions with Li-metal in comparison to FB-LHCE. In the presence of
electrochemically stable TFE, the defluorination of FB proceeds in a
more controllable way, contributing to the formation of a thinner
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Fig. 5. C 1s, O 1s and F 1s depth profiles of SEI formed in (a) hybrid-LHCE and (b) FB-LHCE. The Li-metal anodes for XPS analysis were retrieved from Li|[NCM523 batteries
at the first charge state. (c) The atomic ratios of Li, O, C, F, S and N in SEI formed in different electrolytes. (d) Quantified chemical components of SEI after etching. The
components ratios were calculated from the fitted peak areas. (e) Tafel plots and the calculated values of exchange current density in different electrolytes. (f) F 1s spectrum
of CEI formed in (a) hybrid-LHCE and (b) FB-LHCE. The NCM523 cathodes for XPS analysis were retrieved from Li[]NCM523 cells at charge state after 10 cycles.

and durable inorganic-rich electrode/electrolyte interphases. Bene-
fiting from the favorable integrated properties of hybrid-LHCE, the
LiINCM523 battery achieves a capacity retention of 91% after 215
cycles under challenging conditions of thin Li-anode (30 pm) and
high cathode loading (3.5 mAh/cm?). This study demonstrates that
employing different types of diluents with specific merits is a fea-
sible strategy to design high performance LHCE for high-energy Li-
metal batteries.
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